Introduction {#sec1}
============

Plastic waste entering the oceans was estimated between 4.8 and 12.7 million metric tons for 2010, and these amounts are expected to increase 1 order of magnitude by 2025.^[@ref1]^ This plastic debris will fragment to smaller particles due to photodegradation, physical erosion, or biodegradation.^[@ref2]^ Consequently, microplastics, defined as plastic particles \<5 mm, are numerically more abundant than larger plastic debris, both at the sea surface and in the water column.^[@ref3]−[@ref6]^ Microplastics can, among others, be ingested by detritivores, deposit feeders, filter feeders, and zooplankton.^[@ref7]−[@ref10]^ Ingestion may cause chemical leaching and blockage or damage of digestive tracts, resulting in satiation, starvation, and physical deterioration of organisms.^[@ref7]^

Because of the fragmentation of larger plastic, it is expected that the number of particles in the ocean increases exponentially with decreasing size.^[@ref6]^ However, a size-dependent lack of small particles was observed at the ocean surface, suggesting that particles smaller than 1 mm are somehow "lost".^[@ref6],[@ref11]^ While microplastic amounts have accumulated in the pelagic zone,^[@ref12]^ microplastic fate below the ocean surface remains largely unknown.^[@ref6],[@ref13]^ There are several hypotheses for the removal of these smaller particles, such as ingestion by marine organisms,^[@ref6]^ vertical transport caused by wind mixing,^[@ref14]^ the accumulation of organisms on plastics (biofouling) followed by settling,^[@ref6],[@ref15]^ fast degradation to very small particles ("nanofragmentation")^[@ref6]^ or a combination thereof. Here we study whether the biofouling hypothesis can explain the fate of the "lost" plastics.

Biofouling is defined as the accumulation of organisms on submerged surfaces and affects the hydrophobicity and buoyancy of plastic.^[@ref15]−[@ref19]^ When the density of a particle with biofilm exceeds seawater density, it starts to settle.^[@ref15],[@ref18]^ As seawater density gradually increases with depth, the particle can be expected to stay suspended at the depth were its density equals seawater density.^[@ref6],[@ref15]^ It has been hypothesized that the depths at which the particles are suspended might be equal to the pycno- and thermocline depth.^[@ref15]^ It is also possible that particles sink deeper as several studies indicate the presence of microplastics on the ocean floor, although the transport mechanisms remain unknown.^[@ref20]−[@ref22]^ Biofouling occurs within days, and within weeks algal fouling communities are formed on the plastic surfaces.^[@ref15],[@ref17],[@ref23]^ Plastics can start sinking within 2 weeks, the time depending on particle size, type, shape, roughness, and environmental conditions.^[@ref23]^ Ye and Andrady (1991) report sinking of plastics within 7 weeks, but also indicate that defouling occurs quickly after particle submersion.^[@ref15]^ Defouling can be the result of light limitation, grazing, or dissolution of carbonates in acid waters.^[@ref6],[@ref15]^ Fouling also occurs under submerged conditions, but with different algae species and at a slower rate.^[@ref15],[@ref17]^

The development of dynamic models for biofouling and microplastic settling is essential in order to predict the vertical distribution of microplastics. The above shows that there are several empirical studies addressing biofouling, however, deterministic quantitative frameworks that are capable of simulating the effects of biofouling on the vertical distribution of microplastics are lacking. Modeling fouled plastic movement from a theoretical point of view is useful in order to evaluate the different factors and processes influencing microplastic biofouling and the associated sinking through scenario analysis. In the present study we provide the first theoretical model that simulates the effect of biofouling on the settling of microplastics. We modeled particles ranging between 10 mm and 0.1 μm in radius, and for convenience refer to all these particles as "microplastics". We present model simulations that show the effect of particle size, particle type (density), and oceanographic variables on the fouling of plastic by attachment of algae and subsequent settling. To explain the observed systems behavior, selected additional calculations are performed. These calculations include assessment of the dependence of the model outcome to variability in some of the key parameters.

Methods {#sec5}
=======

Modeling the Effect of Biofouling on the Vertical Transport of Microplastics {#sec1.1}
----------------------------------------------------------------------------

The model simulates settling or rising of microplastic particles, dependent on density differences between the composite particles and seawater and uses well-established concepts and parametrizations for all of its components. The composite particle density was determined by algae attachment, growth, respiration, and mortality. Settling of plastic particles over depth *z* was modeled as a function of the settling velocity *V*~s~ (m s^--1^).Microplastic particles come in many shapes. Hence, the settling velocity *V*~s~ was calculated using a modification of the Stokes equation, provided by Dietrich (1982).^[@ref24]^ This equation can be applied to both spherical and nonspherical particles by using an equivalent spherical diameter^[@ref24]^ and was recently verified for microplastics, using settling data for spherical, pristine microplastic particles:^[@ref25]^in which ρ~tot~ is the density of the plastic particle with biofilm (kg m^--3^), ρ~sw,*z*~ is the seawater density at depth *z* (kg m^--3^), ν~sw,*z*~ is the kinematic viscosity of the seawater (m^2^ s^--1^), *g* is the gravitational acceleration (m s^--2^) and ω~\*~ is the dimensionless settling velocity.^[@ref24]^ The dimensionless settling velocity ω~\*~ is a function of the dimensionless particle diameter *D*~\*~. The dimensionless settling velocity was calculated as^[@ref24]^The dimensionless particle diameter was calculated from the equivalent spherical diameter *D*~*n*~ (m):^[@ref24]^In our heuristic and conceptual model approach, the "average" plastic particle was assumed to be spherical, and the biofilm was assumed to be homogeneously distributed over the particle. The density of the plastic particle with biofilm could therefore be expressed asin which the total density, ρ~tot~ (kg m^--3^), was calculated from the particle radius *r*~pl~ (m), the biofilm thickness *t*~bf~ (m) and the biofilm and plastic density; ρ~bf~ and ρ~pl~, respectively (kg m^--3^). It was assumed that the biofilm density exceeds seawater density because several studies indicate the sinking of buoyant plastics when fouled.^[@ref15],[@ref23]^ Biofilm thickness was calculated as the difference between the radius of the total biofouled particle and the radius of the plastic particle, using the following equations.The volumes, *V*~tot~, *V*~bf~, and *V*~pl~, are the total, biofilm, and plastic volume, respectively (m^3^). θ~pl~ (m^2^) is the surface area of the plastic particle. Although algae and bacillus bacteria are the most common species found in biofilms,^[@ref26]^ our basic model contains only algae. After all, the weight of bacteria is much smaller than the weight of algae, whereas the number of bacteria in biofilms is less than twice as much as the number of algae.^[@ref26]^ Biofilm volume was calculated using the volume of algae cells, *V*~A~ (m^3^), the number of attached algae, *A* (no. m^--2^), and the plastic surface area:In case the plastic volume is smaller than the algae cell volume, the algae biomass is also calculated to be homogeneously distributed around the plastic particle. Attached algal growth, d**A**/d**t**, was dynamically modeled asin which the first term models fouling through collision of algae with the plastic particles,^[@ref27]^ the second term calculates light and temperature limited growth,^[@ref28]^ the third term accounts for (grazing) mortality,^[@ref28]^ and the last term quantifies respiration.^[@ref29]^ Hereafter, we detail the calculations of the four terms successively.

Collision of the particle with algae ([eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}, term 1) is dependent on the ambient algae concentration, *A*~A~ (no. m^--3^), and the encounter kernel rate, β~A~ (m^3^ s^--1^). Data on concentrations of algae over depth do not exist; however, it has been reported that chlorophyll-a concentrations vary with depth.^[@ref30]^ Therefore, algae concentrations were calculated from an imposed chlorophyll-a profile, using the chlorophyll-a/carbon^[@ref31]^ and carbon/algae cell ratio.^[@ref32]^ A fixed conversion factor for the carbon/algae cells ratio was used (mg *C* cell^--1^), and for the conversion of chlorophyll-a/carbon ratio, in mg *Chl a* (mg *C*)^−1^, we used the following temperature and light-dependent equation:^[@ref31]^where nutrients are assumed to be sufficiently available for the algae.

We used a modification of a Gaussian equation to model the vertical chlorophyll-a profile, which is a well-accepted method in oceanography:^[@ref30],[@ref33]^in which *Chl* (*Z*) is the normalized chlorophyll concentration at depth *z*, *C~b~* is the normalized surface concentration, *s* is the normalized slope, *C*~max~ is the normalized maximum concentration, *Z*~max~ (m) is the depth at which the maximum concentration can be found and Δ*z* (m) is the width of the peak. is the average chlorophyll-a concentration of the vertical profile (mg m^--3^). Parameters for [eq [13](#eq13){ref-type="disp-formula"}](#eq13){ref-type="disp-formula"} were provided for nine ranges of chlorophyll-a surface concentrations ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)).^[@ref30]^ Data on the surface concentration of chlorophyll-a were obtained from NASA.^[@ref34]^ Below the euphotic zone depth, there is not enough light available to sustain algae growth and the ambient algae concentration was set to zero. The euphotic zone depth was calculated as the depth where 1% of the light present at the ocean surface at noon is still present.^[@ref35]^

Collisions between algae and microplastic particles were calculated based on existing aggregation theory for formation of marine algal flocs.^[@ref36],[@ref37]^ The encounter kernel rate β~A~ ([eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}) was calculated as the sum of Brownian motion (β~ABrownian~), differential settling (β~Asettling~), and advective shear (β~Ashear~) collision frequencies (m^3^ s^--1^). These different encounter kernel rates were calculated as^[@ref36],[@ref38]^in which *D*~pl~ and *D*~A~ are the diffusivity of the plastic particle and the algae cells (m^2^ s^--1^), and γ is the shear rate (s^--1^). For the Brownian encounter kernel rate, the diffusivity of the plastic and algae was calculated as^[@ref36]^where *k* is the Boltzmann constant (m^2^ kg s^--2^ K^--1^), μ~sw~ is the dynamic water viscosity (kg m^--1^ s^--1^) and where the radius of the total particle, *r*~tot~ = *r*~pl~ + *t*~bf~, and the radius of the algae, *r*~A~, were calculated assuming a spherical particle or algae shape (m).

Algae growth (term 2 in [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}) was modeled aswhere μ~opt~(*I*~*z*~) is the growth rate under optimal temperature conditions for a certain light intensity *I*~*z*~, and Φ(*T*) is the temperature influence on the growth rate.^[@ref39]^In the above equations, *I*~*z*~ is the light intensity at depth *z* (μE m^--2^ s^--1^), *I*~opt~ is the optimal light intensity for algae growth (μE m^--2^ s^--1^), μ~max~ is the maximum growth rate under optimal conditions (s^--1^), α is the initial slope (s^--1^) and *T*~max~, *T*~min~, and *T*~opt~ are the maximum, minimum, and optimal temperature to sustain algae growth respectively (°C).^[@ref39]^ For *T*~*z*~ \< *T*~min~ and *T*~*z*~ \> *T*~max~, μ~max~ = 0, and therefore μ(*T*~*z*~,*I*~*z*~) is zero.^[@ref39]^ The light intensity at depth *z* was calculated according to the law of Lambert--Beer:in which *I*~0~ is the light intensity at the surface and ϵ is the extinction coefficient (m^--1^). Light availability at the sea surface was calculated using a sinusoidal function:^[@ref40],[@ref41]^in which *I*~m~ is the light intensity at noon (μE m^--2^ s^--1^). When the sinus function of [eq [20](#eq20){ref-type="disp-formula"}](#eq20){ref-type="disp-formula"} becomes negative, a value of 0 μE m^--2^ s^--1^ was assumed. The light extinction, needed for [eq [19](#eq19){ref-type="disp-formula"}](#eq19){ref-type="disp-formula"}, is assumed to be dominated by water and algae induced extinctions, and can be calculated as^[@ref40]^where ϵ~w~ and ϵ~p~ are the extinction coefficients for water and chlorophyll, respectively.

Algae mortality and respiration, that is, terms 3 and 4 of [eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}, respectively, were modeled using a constant mortality and respiration rate. A temperature dependency of respiration was realized with a *Q*~10~ coefficient. The *Q*~10~ coefficient indicates how much the respiration rate increases when the temperature increases 10 °C.^[@ref42],[@ref43]^ As algae growth ([eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}, term 2) and algae respiration ([eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}, term 4) are temperature dependent, a seawater temperature profile over depth was needed. Seawater temperature was empirically approximated using a Hill function,^[@ref44]^ which adequately captured the characteristic shape of a thermocline:in which *T*~*z*~ is the water temperature at depth *z* (°C), *T*~surf~ is the water temperature at the surface (°C), *T*~bot~ is the water temperature at the sea bottom (°C), *z*~*c*~ the thermocline depth (m) and *p* a parameter defining the steepness of the thermocline.

As mentioned above, the density difference between the particle and seawater is the main driver of the modeled transport. The above [eqs [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}--[22](#eq22){ref-type="disp-formula"} detailed the calculation of the total particle density (ρ~tot~ in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}). Hereafter we focus on the calculation of the seawater density (ρ~sw,*z*~ in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}). Seawater density is determined by temperature and salinity (*S*~*z*~), according to^[@ref45]^The temperature profile was calculated with [eq [22](#eq22){ref-type="disp-formula"}](#eq22){ref-type="disp-formula"}. A salinity depth profile (*S*~*z*~, g kg^--1^) was calculated using a fifth order polynomial function.Below *z*~fix~, the depth at which the salinity profile becomes constant, a constant value *S*~fix~ is assumed. Last, the kinematic viscosity, ν~sw,*z*~ (m^2^ s^--1^), as was used in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, was calculated asbased on the seawater density and the dynamic viscosity, μ~sw,z~ (kg m^--1^ s^--1^). The dynamic viscosity of seawater was calculated using empirical equations.^[@ref45]^ Viscosity was derived from the temperature and salinity profile, by first calculating the water dynamic viscosity μ~w,z~, followed by calculation of the seawater dynamic viscosity:^[@ref45]^in which

Parameters and Numerical Model Implementation {#sec1.2}
---------------------------------------------

Model parameters were estimated based on literature data, and are summarized in Table S1 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf) (SI). Here some key choices are briefly discussed. In this model, no specific algae species was modeled. Instead, we modeled an average marine algal species, with the parameter characteristics defined by the mean or median values reported for "marine algae" or "marine phytoplankton". By default, the biofilm density (ρ~bf~, [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}) was set at 1388 kg m^--3^, which is the median of the measured values of Fisher et al. (1983). This median value is of the same order of magnitude as the 1250 kg m^--3^ used in the modeling study by Besseling et al. (2017).^[@ref46],[@ref47]^ An algae cell volume (*V*~A~, [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}) of 2.0 × 10^--16^ m^3^ was used, which represents the median value reported by Lopéz-Sandoval et al. (2014).^[@ref48]^ Algae biomass was lost through respiration and mortality ([eq [11](#eq11){ref-type="disp-formula"}](#eq11){ref-type="disp-formula"}). In this study a (grazing) mortality of 0.39 d^--1^ was used, a mean value for oceanic habitats.^[@ref49]^ A respiration rate of 0.1 d^--1^ was used in combination with a respiration *Q*~10~ value of 2, which is a commonly used value.^[@ref43],[@ref48],[@ref50]−[@ref52]^ The maximum growth rate (μ~max~, [eq [16](#eq16){ref-type="disp-formula"}](#eq16){ref-type="disp-formula"}) was set at 1.85 d^--1^, the value reported for *Nannochloropsis oceanica* by Bernard and Rémond (2012).^[@ref39]^ A light intensity at noon of 1.2 × 10^8^ μE m^--2^ d^--1^ was used, together with an optimal light intensity of 1.8 × 10^13^ μE m^--2^ d^--1^ (*I*~m~ and *I*~opt~ in [eq [20](#eq20){ref-type="disp-formula"}](#eq20){ref-type="disp-formula"} and [17](#eq17){ref-type="disp-formula"}, respectively).^[@ref39],[@ref53]^ A light/dark duration of 12 h each was assumed. The conversion from carbon to algae cells is highly variable, ranging between 35339 to 47.76 pg carbon cell^--1^.^[@ref32]^ We choose the median value, 2726 × 10^--9^ mg carbon cell^--1^.

Parameter values for the depth profiles of temperature and salinity were obtained from NASA, choosing the North Pacific near Hawaii as a default location.^[@ref54],[@ref55]^ For temperature, [eq [22](#eq22){ref-type="disp-formula"}](#eq22){ref-type="disp-formula"} was fitted through the data points obtained from the surface to 4000 m depth, with a resulting *R*^2^ of 0.99. The salinity profile was fitted as a fifth order polynomial function (*R*^2^ = 0.74) from the surface to 1000 m depth, followed by a constant value from 1000 to 4000 m depth. Parameters of these fits are also provided in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf).

The model was solved using MATLAB R2012a with GRIND for MATLAB (<http://www.sparcs-center.org/grind.html>). Because the modeled system appeared to be a stiff system, the MATLAB's ode23s solver was used.

Model Simulations {#sec1.3}
-----------------

Different analyses were done with the model described above, focusing on the effect of particle density and size on vertical transport in the water column. The effect of particle density was studied by simulating the most common polymer types: high density polyethylene (HDPE), low density polyethylene (LDPE), polypropylene (PP), polyvinyl chloride (PVC), and polystyrene (PS). HDPE, LDPE, and PP are initially buoyant plastics (density plastic \< density seawater), whereas PVC and PS are nonbuoyant plastics. Together, these polymers account for 87% of the total plastic production of 2007.^[@ref56]^ Properties of these different plastics are summarized in Table S3 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf). To study the effect of size, PP, LDPE, and HDPE particles were simulated with a radius ranging between 10 mm and 0.1 μm. Other simulations focused on the settling onset time and velocity of particles with different densities and sizes.

For several parameters and conditions in the model, values are either variable in the oceans or uncertain. Therefore, we performed scenario analyses where values of key parameters were varied within realistic ranges. For instance, large spatial variability in vertical temperature and density profiles can be observed in the oceans. Therefore, the effect of physical differences among ocean basins on simulation results was assessed. Three locations were simulated for a 0.1 mm LDPE particle, in the North Atlantic near Iceland, in the North Pacific near Hawaii, and in the South Pacific at the latitude of New Zealand and the longitude of Hawaii. These simulations assessed the effect of temperature, salinity, and chlorophyll profiles. The data were obtained from maps of the NASA and the chlorophyll modeling studies ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)).^[@ref30],[@ref33],[@ref34],[@ref54],[@ref55]^ Furthermore, the effect of biofilm density on the simulation results was assessed for densities of 1100, 1388 (default), and 3000 kg m^--3^, which resemble realistic densities for marine plankton.^[@ref46]^ Also, simulations were done for a day:night length of 8:16 h and 16:8 h, in addition to the default simulation of 12:12 h, resembling the variability between day and night length throughout the year. Last, the default algae cell volume, *V*~A~ in [eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}, was increased and decreased with a factor of 2.

Results and Discussion {#sec2}
======================

A General Pattern of Buoyant Microplastic Movement in the Ocean {#sec2.1}
---------------------------------------------------------------

Simulations of initially buoyant and "clean" (nonfouled) microplastics show how biofouling causes the density to increase until particles start to settle ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). After this initial settling the particles move up again, some of which resurface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) and then continue settling and moving upward again in an oscillatory pattern. Periodicity and amplitude of these oscillations vary with particle size and density and with several other boundary conditions ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)). Below we analyze these model outcomes in detail, by discussing (a) the settling onset time, (b) the settling velocity, (c) the oscillatory patterns and occurrence of chaotic movements, and (d) the effect of parameter variability on the model outcome.

![Oscillations of a LDPE particle of (a) 1 mm, (b) 0.1 mm, (c) 10 μm, and (d) 1 μm. Note the different time scales on the *x*-axis. Oscillation periods increase with decreasing particle size.](es-2016-047026_0001){#fig1}

Settling Onset Time of Initially Pristine Microplastics {#sec2.2}
-------------------------------------------------------

The settling onset time, that is, the moment particles start settling for the first time, is density and size dependent ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The density dependence can be explained as follows. Denser particles settle sooner compared to less dense particles, when they are of the same size. When an initially buoyant microplastic particle is denser, less algae of an even higher density are needed to obtain a fouled particle with an overall density that exceeds seawater density. Varying the particle size resulted in an increasing settling onset time with increasing particle size, where the increase levels off when the particles are larger ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The mechanism of this effect of particle size can be explained as follows. The settling onset time is a trade-off between the particle's radius and the surface-to-volume ratio. Larger particles have a higher collision frequency with the algae due to shear ([eq [14](#eq14){ref-type="disp-formula"}](#eq14){ref-type="disp-formula"}), therefore increasing their density faster compared to smaller particles. The Brownian collision frequency is relatively low compared to the collision frequency due to shear, even for small particles. However, small particles need less algae to start settling, as their surface-to-volume ratio is larger. This trade-off results in the asymptotic shaped relation between the log of the particle surface and the moment at which the particle starts settling for the first time ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![Time needed for a particle of a certain density and surface area to start settling. Denser particles start settling sooner compared to less dense particles when they are of the same size. The effect of particle radius is a trade-off between encounter rates (higher for larger particles) and the surface to volume ratio of the particles (higher for small particles). In red, the results of a field study in Simon's town, South Africa, are shown.^[@ref23]^](es-2016-047026_0002){#fig2}

Our dynamically modeled theoretical assessment of settling onset time can be compared with empirical data, which however are scarce. For instance, Fazey and Ryan (2016) found that 50% of their square-shaped plastic particles, consisting of HDPE and LDPE which ranged between 5 × 5 × 0.1 mm^3^ and 50 × 50 × 4 mm^3^ in size, became negatively buoyant between 17 and 62 days in the ocean water.^[@ref23]^ This is in general agreement with our modeling predictions that range from 24 to 26 days for spherical particles with a radius of 1 and 10 mm for similar polymer types. Also, Fazey and Ryan (2016)^[@ref23]^ found an increase in the settling onset time with increasing particle surface, which is consistent with our study.

Settling velocity {#sec2.3}
-----------------

For initially buoyant microplastics, the settling velocity decreases with decreasing particle size, until a minimal settling velocity is reached ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). PP particles have a higher settling velocity compared to LDPE and HDPE particles, because the density of a fouled PP particle is larger. As mentioned above, a PP particle needs more time to start settling, as it has to obtain more attached algae to increase its density. Because it needs more algae, the total radius of the fouled particle is higher. Due to this increased size, the encounter rate of the fouled particle with algae also increases, which results in a faster increase of the size and density of a PP particle compared to for example a HDPE particle. Therefore, a PP particle can reach a larger total density, which corresponds with a higher maximum settling velocity. For all particle densities, the maximum settling velocity becomes constant below a certain pristine particle size. This is caused by the difference in algae cell size and plastic particle size. The radius of a single algae cell, assuming a spherical shape, with a volume of 2.0 × 10^--16^ ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)) is 3.6 μm. If we model a particle smaller than 10 μm, the size and density of the fouled particle are defined more by the size of the algae cells than by the size of the plastic particle. Therefore, the size of the fouled particle becomes more or less constant, resulting in a similar settling velocity for these small particles ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).

![Maximum settling velocity for particles of different sizes and densities. The total radius (*x*-axis) refers to the radius of the pristine plastic combined with the biofilm, that is, the radius of the aggregate. Pristine particles with a radius of 10, 1, and 0.1 μm have a similar maximum settling velocity, because their total radius is similar after fouling. In red, the empirical equation results of a lab study to phytoplankton aggregates with PS microplastics are shown for different plankton species/compositions.^[@ref18]^](es-2016-047026_0003){#fig3}

Our modeled settling velocities can be compared to empirical data. As mentioned above, Kowalski et al. (2016) verified [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, used to calculate the settling velocities for spherical, pristine microplastic particles. They found that the model predicted the settling velocities very well.^[@ref25]^ Long et al. (2015) found that the settling velocity of aggregates containing 2 μm PS particles decreased with a decreasing equivalent spherical diameter.^[@ref18]^ Compared to our model results, their experimental data follow the same trend and the settling velocities are in the same order of magnitude ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}).^[@ref18]^

In contrast to buoyant particles, microplastics that are denser than water (negatively buoyant), start to settle immediately and sink always to the ocean floor (here modeled at 4000 m depth) ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)). The time to sink to the ocean floor is particle size and density dependent. Larger particles settle faster: a particle of 10 mm needs only 1.6 (PVC) or 23 (PS) minutes to sink 4000 m, whereas a 0.1 mm particle already needs 10 (PVC) or 159 (PS) days to sink this distance, and a 1 μm particle needs 278 (PVC) or 4317 (PS) years to finally end on the ocean floor ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)). Because plastic production started in the 1950s,^[@ref57]^ it can be assumed that nonbuoyant particles smaller than 10 μm have not been able to reach the ocean floor yet. In fact, because of their very slow transport, these smaller particles can be anywhere in the water column. As seawater density is dependent on temperature and salinity ([eq [23](#eq23){ref-type="disp-formula"}](#eq23){ref-type="disp-formula"}), there is no fixed polymer density threshold at which particles end on the ocean floor. A study on microplastics in deep sea sediments indicated that most particles found were denser than seawater,^[@ref22]^ which is in general agreement with our modeling results.

Oscillations and Chaotic Behavior {#sec2.4}
---------------------------------

Simulations of initially clean buoyant microplastics showed how biofouling caused their density to increase until the particles started to settle ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). After this initial settling, buoyant particles never settle to a fixed water level, but keep moving up and down in the water column ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Sinking, rising, and oscillations are explained by the dynamics of the differences between the density of the seawater and the plastic particle. At the moments where particle and seawater density are equal, the settling velocity ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) is zero. The density oscillation curve has inflection points, which coincide exactly with the minima and maxima in the depth oscillation curve, where the direction of vertical transport is reversed ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)). If the particle density exceeds seawater density it will sink, whereas it will rise or float at the surface. Density differences are explained by the biofilm thickness, which in turn is explained by the biofilm volume, and thus by the number of algae. The number of algae on the particle surface is explained by collision, growth, mortality, and respiration. The interaction of these different growth and loss processes determines whether a particle sinks or moves upward again. The external forcing of light variation at the surface together with the depth profiles of light extinction, salinity, density, viscosity, and chlorophyll, in turn influence the algae collision, growth, respiration, and settling velocity.

Some oscillations display a fixed daily period, such as the 1 mm LDPE particle which reaches a maximum depth every 24 h ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). These maximum depths are reached around noon, because algae growth is enhanced by the light intensity. During the night, respiration takes over and the particle resurfaces and stays at the surface until the light reappears and the biofilm has grown enough to start settling again. Circadian cycles, or 24 h cycles, have been observed in algal behavior, where an increase in chlorophyll-*a* concentrations is observed during the day, while a decrease is found during dark hours.^[@ref58]−[@ref60]^ The circadian cycles observed in algal growth can be considered a good proxy for biofilm driven microplastic circadian cycles as simulated in this study ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)).

However, not all simulated oscillations display a daily period. For example, the simulated 0.1 mm particle reaches its minimum around every 3 days, and the 10 μm particle only reaches its minimum around every 21 days ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} panels b and c, respectively). As some of these oscillations were complicated, we tested for deterministic chaos in these simulations. Deterministic chaos is defined as "aperiodic long-term behaviour in a deterministic system that exhibits sensitive dependence on initial conditions".^[@ref61]^ Our model indeed is deterministic as no random factors are included and it shows aperiodic long-term behavior. In the case of chaos, the trajectories are fundamentally unpredictable due to the sensitivity to the initial condition. The Lyapunov exponent is a measure for chaos, as it indicates this sensitivity by showing the difference between two simulations with slightly different initial conditions.^[@ref61]^ Lyapunov exponents were calculated for different plastic types and sizes. For our standard scenario's (PP, LDPE, and HDPE with radii ranging between 10 mm and 0.1 μm) no chaos was found ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)). A systematic assessment of chaotic behavior of the modeled system for all parameter values was beyond the scope of this paper.

Oscillation periods and amplitudes not only differ for different plastic densities and sizes, but also depend on other parameters. Varying all parameter values was beyond the scope of this study, instead we focused on the key parameters affecting the particle growth and density. The dependence of the settling dynamics on the biofilm density ([eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"}) was studied for three different densities. With increasing biofilm density, the settling onset time decreased ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)). As each individual algae cell aggregating with the microplastic particle has a higher mass, the mass of the aggregate increases more rapidly, resulting in a decrease in the settling onset. Oscillation amplitudes tend to increase with increasing biofilm density, and are variable within each scenario. The day/night duration affected the particle settling too ([eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}). With an 8 h light and 16 dark regime, settling only occurred after more than 116 days. With increasing light duration, algae growth was enhanced, and the settling onset time decreased ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)). The algae cell volume ([eq [10](#eq10){ref-type="disp-formula"}](#eq10){ref-type="disp-formula"}) affects the settling onset time too, which increased with decreasing cell volume ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)). The amplitude of the settling oscillations remained similar under different light durations and algae cell volumes.

Oceanographic Zones and Wind Mixing {#sec2.5}
-----------------------------------

For LDPE particles of 0.1 mm, particle sinking behavior was assessed for different oceanic conditions, representing different oceanographic zones ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)). Differences in temperature, salinity, algae surface concentrations, and thermocline depth affected the model outcome of the LDPE particles. Interestingly, settling only started within 100 days for the North Pacific scenario ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf)). For the South Pacific scenario, settling started after 700 days. Although chlorophyll concentrations were higher in the North Atlantic, particles did not settle. This is the result of the low temperatures, which hamper algae growth. Here we emphasize that many other parameters vary in the ocean, such as biofouling seasonality,^[@ref62]^ spatial variability in light extinction,^[@ref63]^ algae adaptations to temperature,^[@ref64]^ and the daily sunshine duration. However, varying all these parameters was beyond the scope of this first theoretical study.

Another process which was beyond the scope of this study is the effect of wind mixing and turbulent flow on the settling. Our model is designed for relatively quiescent conditions. In the case of more turbulent surface conditions and increased wind mixing, plastic debris is found to be vertically distributed in the upper part of the water column (the ocean surface mixed layer, OSML).^[@ref14],[@ref65]−[@ref68]^ Wind mixing results in an exponential decrease in particle concentrations with depth, the extent of the decrease being inversely proportional to wind speed.^[@ref14],[@ref65]−[@ref68]^ If particles would be held in the OSML and shielded from light, a delay in the modeled onset of settling would occur until quiescent conditions are re-established. If particles would not be shielded from light, biofilm growth would be further enhanced because of the optimal conditions for algae growth (light, temperature) in the OSML. We can assume, however, that particles will not be effectively held in the OSML. After all, it has been found that the mixed layer is only 0--5 m thick^[@ref14],[@ref66]^ and this is not deep enough to attenuate light penetration and limit biofouling. Particles will still grow a biofilm and escape the OSML after which they settle and oscillate according to the simulations presented here.

General Discussion {#sec2.6}
------------------

The main objective of this study was to simulate the sinking of microplastics when fouled, using a theoretical model. Because concentration profiles over 100 m (buoyant microplastics) or 4000 m depth (nonbuoyant microplastics) are not available for the oceans, no formal model validation against measurement data is possible. The model should be considered as a theoretical tool that can be used for prospective exposure assessments or for evaluating hypotheses regarding the fate of microplastic in the oceans. Nevertheless, general features of the modeled profiles can be discussed against patterns reported in the literature.

A size-selective removal of particles at the ocean surface was observed by Cozar et al. (2014).^[@ref6]^ They found an increasing amount of smaller particles at the ocean surface, up to a threshold value of 2 mm in size. Particle abundance of 1 mm and smaller decreased at the sea surface with decreasing particle size.^[@ref6],[@ref11]^ Our model predicts that all particles can settle due to biofouling, and larger particles start settling last. Because of this late settling onset, particles are present longer at the ocean surface. Also, larger particles, such as 10 mm and 1 mm particles, oscillate at a fast rate and resurface with each oscillation. Smaller particles, from 10 μm onward, do not resurface anymore. Over time, this therefore results in a size selective removal of smaller particles from the surface, which is in general agreement with the observations by Cozar et al. (2014).^[@ref6]^ Also, the settling onset time and settling velocities modeled in this study correspond to those observed in field studies ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}).^[@ref18],[@ref23]^ Considering the consistency among the data and our model simulations, biofouling could therefore be a valid hypothesis explaining the size-selective removal of small particles at the ocean surface. Other processes, such as marine snow formation, could further enhance the settling of initially buoyant plastics. Marine snow, aggregates consisting of a mixture of organic materials, is not depending on light for its formation. Therefore, it could be an additional mechanism to explain the observed size-selective removal of microplastics and a potential pathway for microplastics to reach to ocean floor.^[@ref69],[@ref70]^

Buoyant particles are calculated to sink and oscillate below the ocean surface. We showed that nanosized particles, that is, those smaller than 10 μm, sink so slowly that they can reside anywhere in the water column. Also, we demonstrated that different plastic and biofilm properties, together with oceanographic conditions, result in a different particle fate. If the model represents reality, this has important implications for the type of exposure and risks of plastic debris on the ocean floor versus that in the water column. Because emission of plastic to sea is predicted to increase by orders of magnitude^[@ref1]^ and nanofragmentation is generally believed to continuously convert debris to this \<1 μm size class,^[@ref71]^ we hypothesize that the water column may eventually host a uniform dispersion of nanoplastic particles. Hence, further development and validation of plastic biofouling--nanofragmentation models is to be recommended.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.est.6b04702](http://pubs.acs.org/doi/abs/10.1021/acs.est.6b04702).Text, figures, and tables address the (a) nomenclature, (b) plastic characteristics and environmental transect data, and (c) figures of oscillations for different plastic types, the relation between particle density and settling, oscillation figures for different environmental conditions and results of the chaos analysis ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b04702/suppl_file/es6b04702_si_001.pdf))
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